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ABCTRACT

The experimental investigations with regard to the strength of im-
peller wreels are intended to provide a logical supplement tc calculations
and tc compare theoretical results with stress concentrations presently
covered by the theory. While the preparatory work prcceeded, which covered
the conversicn of the test staund for thre investigation of stresses in ime
peller wreels as well as cementing tests for the manufacture of mcdels aud
Frelimdnary tests with regard tc the application of different measuring
methods, the data and pregrem cf calculation fcr the electronic computer
were prepared, The period allowed under thLe present contract, which is
covered by this rejort, was tco short to enable a sufficient number of re-
groducible experimental invastigations to be conducted whrich would permit
a detajled comperjson to be made with the calculations,

The first part of this rejort is a detailed descriptioa of the avail-
able calculation data for rotating shells, &Efforts were made in particular
to find a method of calculatici which wculd do the fullest possitle justice
tc the complicated peometric design of impeller whreels,

The second part of the rerort covers the elucidaticn esnd display of
thecretical calculaticn results., In particular, such different influences
as the number of blades, plane temperature fields, varying shell slofes
etc, were examined,

The third part of the report is devoted to the description of the ex-
perimental analysis of stresses in imjeller wheels. It covers a represen-
tation of the preliminary design of the model, the materials of whrich the
models were made, the testing equipment anc the initial test results, At
the end of the report, reference is made to investigations that will be
conducted henceforth, as well as to necessary alterations of the test
stand designed to obtain higher speeds,
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INTRODUCTION

The present Final Report entitled "Investigation of the General Stress

D.istribution in Impeller Wheels" camnot yet be regarded as a comprehensive

study of the subject as the time spent on such investigations has been too

short., The object of the work done so far has therefore beean to complete

the necessary preparatory work under the aspects of theory and experimental

technique,

The test stand, which was formerly used for discs of uniform thickness

was converted to suit the examination of impeller wheels. The model mate-~

rials that offered themselves considering relatively easy workability and

the advantage of joining components by a cement were the same plastic mate-

rials that had so far been used for photoelastic purposes; it was from

these materials that the first plastic models were made,

Three test methods were used for the experimental stress analysis:-

1. FPhoto-elasticity in examining blades which, being at first of equal
thickness, show a largely plane state of stresses,

2. Measurement by means of strain gages,

3., The method of brittle-coating which will be arplied supplementary to
the measurements with strain gages.

The design of the wheel body was first determined by the contours of the

wheel surface carrying the gas flow where the contours were to be identical

with the gas flow line of a plane stagnation-point function, It has mean-

while been found, however, that other aspects existed in determining the

design of wheels used for stress analyses, particularly with regard to the

Manuscript released by the authors March 1962 as an ASD Technical
Documentary Report
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theoretical calculation of stresses, In particular, the subsequently
selected design determining function permitted the slope of the shell
to be varied through variatior of only one of the rarameters required
for the calculation of strengths,

Experimental investigations of stresses in arbitrarily shaped impeller
wheels will only reveal general information if experimentally established
values are compared to calculated values which are obtained through
reasonable processes of calculation and diminishing of the existing
problem as far as possible, However, if practical stress concentration
factors at corresponding points on wheels of various related shapes are
to be established it will be found that most of the former calculation
methods hardly permit a comparison with experimental results. The de-
termination of stress distribution in wheel bodies may be based on the
shell theory but such calculation does not include the stress concen-
tration factors subject to the variation in shape of the wheel and blade,
It would be going tooc far to specify all conceivable methods of calcu-
lation which always depart from the symmetric disk disregarding any slope
of the medial area of the wheel from the vertical to the rotational axis,
The simplest method of calculation may be to relate the sectional area,
symmetrically to a medial area, vertically to the rotational axis, taking
into accouat the blades either by the specific gravity /7/ of the disk as
it is or as the increased thickness /3C/ of the disk profile. Such
methods of calculation permit the utilization of an arbitrary profile
which may be calculated by the known methods of Grammel, Donath-Karas,
Keller-Salimann, Kissel, or by the method of differences,

ASD-TTR 62-1013 2



An interesting mothod bf calculation has been suggested by K, J, Mal-
ler /29/, which however takes into accouat only the nonsymmetrical design
of the wheel with regard tc the radial blading, The blades are assumed
as removed from the disk and the displacement of the disk-disregarding any
pronounced slope - and that of the\blade ster are considered to be sepa-
rated by the centrifugal forces, Statically indeterminate forces are ap-
plied to the virtual secticnal areas so as to produce an equal displace-
ment of the disk and blades in these areas, Here again, calculation
will be conditional on the simplification of an axially symmetrical
loading and dilaticn of the complete wheel, However, to rerder an ana-
lytical solution of the system of general differential equations possible
from an equilibrium of forces and also from a state of deformation, thre
method of K, J. Miller requires the actual profile contour to be aprrox-
imated by a hyperbolical profile design of the term h = C(r/ra)-8 with
r, being the external radius, Figure 1 shows for the example of a shell
the relative stress terms which were caléulated by the method of K. J.
Maller. The statically indeterminate forces result in shear gtresses

at the virtual secticnal areas betweendisk and blades, Even the latter
method requires a considerable calculatory effort if the statically in~
determinate forces are to be determined with accuracy and oaly if table

computers are available,

ASD-TDR 62-1013 3



A) Copditiops apd Remrks op the Stresses to be Calculsted
If the problem of rotating shells is to be solved more compre-

hensively, the greater calculatory effort involved requires the
use of electronic computers. In a recently published book by
K. Loffler called *"The Calculation of Rotating Disks and Shells®,
Springer-Verlag: Berlin/Gottingen/Heidelbert 1961, a method of
calculation is described which permits the entire state of
stresses in rotating shells to be covered to a wide extent,
which wvas demanded above, By this method, readial blades, canti-
lever rings as well as eccentrical holes can be taken into
acoount right from the beginning., One of the conditions this
method requires is that the shell of revolution be resistant
to bending. Its state of stresses is described by five stress
terms, vis, the longitudiral stress (, , whose direction must
be fixed in relation to that of a meridional section of the
medial area of the shell, the tangential stress J,, the
longitudinal bending stress % the tangential bending stress
0}61111 a shear  stress 7, which is tc act in the direction
of the normal to the medial area of the shell and is assumed to
be the mean shear stress of equal value in the vhole cross
section, In establishing the differential equations for the
rotating shell, the simplified but largely reliable arrangement
is made that 7, and Jp are teken to be invarisble within the
thickness h of the shell and that the corresponding superposing

bending stresses are linsar over the cross section.

ASD-TDR 62-1013 4



a) Establishment of the Differential-Equations of the Smooth Shell
from the Equilibrium of Forces and Moments

In Figure 2 the slope refers to the inclination of the meridional
section of the medial area of shell, the ordipate normal to the
axis of rotation. With & = 0 over the entire extent 1 the disk
would be symmetric. In Figure 3 a shell element is cut out of
the shell of revolution, the angle é being variable within the
shell element.

Formulation of the equilibrium at the mere shell element without
any additional fins.

The equilibrium of forces in the direction 1 of the meridional
section of the medial area of the shell results, as is shown in
Figure 3, in the following differential equation:

d(ohrdp) - o, hdldypcosd + Thrdpdd + hdlrdlpg‘-’rw‘cosé -0 (1)

A few forces which are small in the higher powers have not been
recorded, which applies also to the following.

The equilibrium in the direction of the normal toward the medial
area of the shell element under consideration is formulated as

follows:
dlthrdp) - ayhldysind - gihrdpdé + hdlrdp Zrusis+  (z)
+prdpdl =0

In the last equation (2) the letter p means the gas pressure.
Prom the forces and bending stresses entered in Figure 3 and
from the geometry of the shell element, the equilibrium of the
moments existing around the tangents on a parallel circle of
the medial area of the shell may now-be easily read off at the
upper edge of the shell element:

ASD-TIR 62-1013 5



dlc£rdp) - o Helop coss +dM, = 0 (3)

The moment by the shear stress T at the lower edge of shell
around the previously chosen direction is expressed by the following
formula wherein dx means the chord length of arc dl (see Figure 4):

dMy = Thrdyp cos gzé-dx (%)
The term obtained for the length of chord is
dx = 2 sin -dzé- g——é— 2ersd ain .
thus resulting in aM_= Thrdlpdl __i_dé' _£. thra’ydl%di

The equilibrium of the moments can now be definitely expressed
as follows:

dlo?* gzrdw -op g-zdl dp cos8 + Thdlrdy i’g—gé =0 (5)

b) The Differential-Equations Derived from the Stress-Strain Relations

From the equilibrium of the forces and moments three equations
could be established; another two equations will have to be formu-
lated from the state of deformation in order to arrive at the five
terms that are wanted.

With regard to the displacements, Hooke's law may in general be
applied to the variable stresses 0" extending over the whole
cross section, i.e. at first to radial stresses and strains,
which may later be replaced however by the relative terms in
the direction of 1

" =755 (€, +vey) -(1+v)aB)
6
oy = Ep (6 +&p)-(1 4112 D]

ASD-TDR 62-1013 6



OLis the linear coefficient of thermal expansion and o any over-
temperature. If the further terms are adopted from Figure 5,

Y represents the slope produced by bending, 8 the torsion caused
by shear deformation (see Pig. 6), und k the distance between the
central section line and the chosen ordinate. u is the displace-
ment of an arbitrary point on the cylindrical section with the

coordinates r and y for which u (r, y) is formulated as follows.

utry) =ulr) +(y-k)(y +8)

dulry) _ dulr) dy
£, - Ulr)  dut) oy 'yd B0 ()
Ep = u;-r,y)a ur('r) (y- k)"/’ ,.(Z /3

The general stresses now take the formula
0;.=%1 [-g,‘{- + (y—k)g},‘ -ng +(y-/()'gé' -Bgf + V% +y -L;—I((W+/3)-
-(1+v)ad]
a’,,'-T’f—,,[vg;‘! +v(y-k)g’,.l—vwg;’f +v(y—k)%’% —ng'—r‘ + y,: + @)
lf'_—“— (w+B) -(1+v)a®]
The tractions Pr and PV are obtained from the integration of

stresses 0;.‘and 0;; across the cross section between the boundaries

Yo=Kk I Yosa.
The tensile stresses result from k*%
I A 1 / 9
7 1 / o b .
o’ - = — U d M 0— = - - U d (
r 2ﬂ'ry, y. k Yo r y r dryg YO k __y‘ , y

If dk/r is regarde}c’i as negligibly small, and dk/dr = tan28
one obtains - since an appreciable number of terms add up to

zero - the stresses that are constant in the cross section:

o =£— ddTu—(‘yu-ﬁ)fané‘ +v%—-(1+v)ou9']

1-v?

o -—1_—;.;-[0%— v (y+B)tané +;,-—J- ~(1+v)a Q]

(10)

Figure 7 shows the relation between 0‘1 and O ¢

B__ . Bewsé _ -
2rrh - 2mrh 2n'ry Or )

h is the thickness of the shell at the point examined if it is

g =

measured normal to the medial area of the shell.

ASD-TIR 62- 1013 7



An examination of the bending moments at the shell element leads
to the slope ¥ , which we should like to have eliminated from the
equations so far established. Figure 8 permits the establishment
of the following relations between torsion and bending stresses;
if h /2 is the distance from the outer rim of the section to the

central section line,

u°(l)-v-§- (72)
b
R AT .S )

and using Hooke's law as applied to the displacement of the outer
rim of section caused by bending, the result is:

o_ £ b b
o = —5(8 +vEy )
- r (%)
g, = r—z(fw +vEl)
If 8 is substituted by the corresponding terms, one obtains
b::—éZL__ Sﬂl v
% 2(1-v?) ( Ty ) (15)
b (b ¥
v =20- Vi r
We obtain from the above equations ¥ = Eh (0;,‘ -qu) (]6)
and from the equations (10) =§(0’, -vo) +rad (77)

If these equations and their derivatives du/dr and dy/dl are in-
corporated in (10) and (15), taking into account also
B=T/5 -21(14-0) we now obtain the wanted equations:

v 4o _ dop, 1'”"(0' a;)cos&+—s;n8(or —uo")+—(7+v)sm8t fa t5‘=0(78¢2)

at " dt
d 1+vcosd c0sd +v b
v (o) dl( Lopyeltrme gt sdsb gp. g (18b)

In his book "Calculation of Rotating Discs and Shells", K. ioffler
offers the additional possibility of considering a linear dis-
tribution of temperatures in the direction of the normal to the
medial area of the shell, which in this report will be mentioned
only in passing and which offers no calculatory difficulty what-

ever.

ASD-TIR 62-1013



A consideration of radial blades or rings and bores, the latter be-
ing an exception, permits differential equations to be established
in such a manner that these will change only with regard to their
coefficients as opposed to the smooth shell, so that the new co-
efficients represent the sums total composed of the coefficients

of the smooth shell and of certain additional members. The blading
of the shells will now be considered first. In the following, the
expression blades will frequently be replaced by the expression fins
since by load application their function rather corresponds to that
of a finned design,

a) The Altered Design of the Differential-Equations by Including
the Existence of Fins

In view of the small azimuthal extent, the fins are assumed to
be free from tangential stresses. If the longitudinal stress in
the fin is expressed by(7h, the following relation becomes valid
due to the equal Strain of fin and shell:

U'R =0 -VU‘P (19)

If to the area of fin FR’ which may be assumed to be evenly

distributed over the circumference, an equivalent thickness

h' = z . FR/21Tr with z being the number of fins is added to
the thickness of the shell, the equilibrium in the direction 1
is easily formulated.

d(d;hrdy) - gphdidy cosé + T hrdp dd + dllo,—vay)rdph’] +
+ Chrdpdd + (h+h')dlt rdlpg wircosé = 0 @0)
For the sake of simplicity, T has in (20) also been assumed to

be constant over the cross section of fin.

The equilibrium in the direction of shear and of the normal

also results in

d[Trdip(h+h')]- Oy hdypdl sind - o, hrdpdd* hrdy (0, - voy, ) dé +
+(h+h)dlrdprw?siné + prdpdl = O (@)

ASD-TIR 62-1013 9



The equilibrium of the moments around the direction of the
tangents to a parallel circle must be established from the
following components. If w is the moment of resistance re-
ferred to the circumference and relating to the finned cross

section, the moment from the longitudinal stresses is

dM, = d(g’rdpw) (22)

The component in the direction of the tangent, teking into

account the sign of the moment through tangential stress a;b
is obtained, as in the case of the smooth shell, as

My =-gdl gady s é (23)

Figures 9 and 10 show the forces on a finned shell element as

well as a representation of the further terms and designations

employed. The shear stress in the shell furnishes a moment

My = C rdphalt S0 (24)
and in the fin .
Ma = T rdphial 26 (25)

dl' being the mean length of fin which must be A times as large
as the length dl of the shell.

The geometry of Pigure 10 yields
solrhgth;
Pom 9+ 5(TEE—+ 5, Se)

di'=¢,ds ;

1

Ld
dé
dl'=gdl 4..27.(_'.’1.-:2"174‘. + Sy, + 5p,) b

Ay Lhiph & _ al

A=q=!+ 2T ot s g (@)
The radial components of the tangential stresses in the shell
have around the centroid of the whole cross section a moment of

My,= — Oyhdl dpscosé 27)

ASD-TIR 62-1013 10



Similarly, a moment is produced by the longitudinal stress q
in the shell, which is of the following magnitude around the

centroid

dM,, =dlo;rdehs) (28)

The longitudinal stresses 05 -az -VCﬁp) produce a moment around
the center of gravity

dM, = -dl(G-vay) rdphs'] (29)

As is shown in Figure 11, s indicates the distance of the centroid
of the whole cross section from the central section line, and s'
indicates the distance of the centroid of the fin cross section

FR from the whole centroid. If dMls and dM._ are combined to

1R
dM, + dM,, = d{o; [rdp(hs-hs)]} -valordptis)  (30)

the term (hs - h's') = 0 because of the equality of the statical

moments.

The equilibrium of moments may be obtained from the following
addition

dM, +My +My oMy tMy +dIM, M) = O (31)

For trapezoidal fins, the following terms are ebtained to determine
the moment of resistance of the whole cross sectlion, using the
signs of Figure 11:

hy a+2b

3 a+b

SR being the centroid distance of the trapezoidal cross section

from the larger basis b.

Sp~

The distance of the whole cross section s from the central section
line of the shell is

g = arb)hgls, + )

(@+blhg + ilzﬂl
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The moment of resistance w is obtained by converting this term
in such a manner that the moment of resistance of the smooth

shell ws - h2/6 referred to the circumference is given only

another term
hy a®+4ab+b? a+b 2
wall,shibs-h) _ 36 a-«b * 2 P s (32)
6 3(h+2s) ch (5+£l)

The two differential equations yet to be found from the state of
dilatation will be affected by the fins only insofar as in the
term (15), and consequently also in the equations (18), h will
be replaced by the length (h + 2s), as the distance between the
outer rim of the section and the central section line is no
longer h/2 but (h/2 + s).

b) The Influence of Rings on the Differential-Equations

In view of the widely varying designs of radial compressor wheels
or radial turbine wheels, cantilever’rings must frequently be
taken into account which may be used as a form of packing, or the
wheel body may be provided at the center bore with a hublike
thickening which may be regarded as a ring zone being free from
radial stresses. If such rings are considered as being free from radial
stresses, this should apply only to narrow and thin designs of
rings. Subject to the design of ring, however, an 'effective
length' of a virtual equivalent ring can be determined which

has a constant tangential stress in an axial direction. In his
book "Calculation of Rotating Disks and Shells", K. Loffler in-
cluded diagrams which have been evaluated by W. Burkhardt for
rotating disks and which enable the above mentioned corrections
to be made through the selection of an 'effective length'.

However, it would be beyond the scope of the present report to
deal in greater detail with the problem of thin cantilever
rings of marked projection, although the possible existence of
cantilever rings should be duly taken imtc sseount,
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For the sake of simplicity, the ring will in the following be 6on-

sidered as being completely free from radial stresses, Due to
the tangential displacements being equal,

U"R -0’,-00,‘ (33)

As was already assumed in the case of the fins, the shearing
stress will here again be ¢onsidered to act as a mean and constant
value even beyond the ring zone. Using the terms and forces
plotted in Figure 12, the equilibrium of forces obtajned at

the shell element in the direction ) leads to the following
differential equation where forces being small in the higher

powers have been disregarded:

d(g,hrdy) - 0, hdldyp cosb + Thrdpds - (o, - vo;) Ldl dp cwosb +
+Tlrdpdé + grdp (h+L)dirw’cos8 = 0 (34)

The equilibrium of forces in the direction of the shearing
stresses will thus simply result in

d[rdp(h+l)T] - [0y hdldy+ (o, -vo) Ldldyp ] sin§ ~ g hrdpdb +
+ grdlp (h+l)dl rw?snd = 0 (35)

The equilibrium of moments is again established around the
direction of the tangents of the parallel circle through the
central section line at ( 1+ dl). The bending stress cgb

produces in the shell the moment dM = d(q"rdy 613) (36)

The same displacement is caused by the bending stresses on

the virtual sectional areas between shell element and ring,
under the term of

b b b
Ope, = %'~ 00 (37)
cn; indicating the bending stress on the virtual sectional
L[]
area acting on the ring in a tangential direction. As is

shown in Figure 12, there is a relation
b b
a, O,
. e (38)
Y b b
between the bending stress oykoand the bending stress Ogh
at an arbitrary point of the ring and at a distance y from the

center of shell.
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The moment of bending stress a’,: around the sectional line of the
medial area of the shell with the lateral areas of the shell
element bounded by dp is

aM_ = Oy dy-dly (39)
Adopting the equations (37) and (38), equation (39) leads to
an =2 X0 -va) dyal 40)
b ]
The linear connection —y'-f- . (41)

exists between the tangential bending stress on the outer rim
of the shell a;,b and the tangential bending stress O'&boccurring
at an arbitrary point with the distance y from the central
section line.

The stress 0',? thus produces at point y the moment
b y?
an, =G dydly <21 G’ dydl (42)

using term (41). The total moment from the tangential bending
stresses is obtained by integrating dM'R and dMs

My, = Jalte + [, =24 [ v«r)y'dy+2d’[o;y%,v 43)

ki
Since 0’,. and q act on the boundary areas of the shell, thus
being constant values, the solution of (43) leads to

2 f ]
My =G 1+25)%1 ]-11'2-d1 —ve* [(1ek)- 1] Bodi (44)
By introducing &= %[(1+271;)’— 1]

the expression is abbreviated to

g.a[(q +1)05"-vbe® 1l 45)

Figure 13 illustrates the direction of the active moments and
their resultant H;' -d? - This Moment is produced by forces
having their resultant in a radial direction. However, since
the moment around the tangent of a parallel circle is wanted, it
is only the component in the direction of 1 that can be active;
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it 1s therefore
My, =My dy-cos 8 (46)

Another moment is caused by the radial component of the tensile
stress %existing in the ring. The force Oy, L -dl.dy
resulting from this stress is active at a distance 1/2 (L + h)
from the medial area of the blade. This moment acts positively
or negatively, subject to the side of shell to which the ring
is attached. On the convex side, 1. e. the side away from

the axis of rotation, the moment should be taken as nositlive.
With the moment produced by the centrifugal force of the ring

element,

My, = (Ope Lall Lghdq-gw’r’dgo Ldl ‘;”) wsé (47)

The cosine of angle § reappears here because only the components
pointing in the direction { of the forces GFw -L-dl-dy and
373 -u:'-rz- d¢ - L dl acting in a radial direction produce a
moment in the prescribed direction. Equation (47) may be ex-

pressed more simply if the relation of displacement
Ope=0p - VO 1is used:

My, = [0y -va;-ngr‘)%g—hldl-dvcosé (48)

If the simplifying assumption of a constant shearing stress T
existing over the shell and ring elements, the following moment
through the shearing stress is obtained, analogously to the
smooth shell:

My = Tlhel)dirdy 298 (49)

Taking into account the signs, the equilibrium of moments can be
established with the elements dM,; My ; 1 My, and M,
dMy - My, t My + M = 0 (50)
or more minutely
2
d(O"‘f@é-f)-g [(§+1)0y’ -v 6o Jdidp cos 6 ¢ (a, -vo; —gw’r’)X
L+h sinds
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The three established equations designed to determine 9, 0;,
o;b, cn: and T are supplemented by the differential equations
established from the stress-strain relations for plain shells,
the condition being that analogous to the finned shells the
value h must be replaced by (h+1) in the differential equations

(18).
¢) The Influence of Additional Loads on the Differential-Equations

In establishing differential equations from the equilibria of
fcrces or moments, outer additional loads may be taken into
account without difficulty. These enlarge the differential
equations by terms which will be dealt with in detail.

It should be observed that these additional loads are active at
certaln points of the shell, thus representing magnitudes which
are taken from the geometry of the shell and which should no
longer be introduced as variable but as constant values. If there
is a radially acting additional load, which will be called Pz.
the additionally occurring stress at the outer edge of a shell

element with the radius Pi and a shell thickness hi will be

o= 2—:‘;;‘7 C056,' (52)

The equilibrium of forces in the direction of a meridional

section will thus be given another term, so that (1) now becomes
de;hrdlp) - o5, hldp cos .+ T hrdkpdlé + bl rdp g-zrw’cos5+¢7,r;d¢h,- -0 (53

The normal component of Pz’ viz. Pz- sin 81. occurs as an
additional force in the equation of equilibrium (2) if

B-siné;
T.=
= Bt (5%)
expresses the additional normal stress, and (2) is changed to
become

d(zrdyh) -0 hdl dpsind - g hrdpdd + hdl rdp § rwsnd+
+prdpdl+Trhdp = 0 (55)
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If the additional load Pz comes to act at the distance k from
the centroid of the section concerned, this will produce an
additional moment of the magnitude

My =0, rdph, k (56)

This moment supplements the equation of equilibrium (5) in the

form of

die? Zrdp) - ot Tl dpeoss + Thdird D 1 g rdphk =0 (57)

In view of the above, we ©&mn now write the
differential equations in a general form so that they could be
formulated for fins occurring in conjunction with rings and even
additional loads. This, however, will be done later when the
differential equations are compiled and the conversion of
differential equations into equations of differences is il-

lustrated by means of an example.

d) The Influence of EccentricalCircular Holes upon the Differential-
Equations

when in the first approximation the zone of bore can be taken as
free from tangential stresses, the stresses occurring at the
beginning of the zone of bore can be immediately expressed by

the stresses occurring at the end of the bore. This means that

the relation between the stresses occurring immediately before

and immediately behind the bore is not expressed in a differential
equation but in a linear dependence. Stresses and geometric magni-
tudes at the beginning of the zone of bore will be marked with the
index 1-{ and immediately behind the zone of bore with the index {i.
At first, the relation between the longitudinal stresses 0& and
021__, will be dealt with.

OL is determined from the equilibrium of forces on the spoke,

i. e. the shell element between the bores. Psp expresses the

centrifugal force of the spokes, Pschr the centrifugal force
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of the bolts or pins which may be inserted in the bores. The
equilibrium of forces is now (see Figure 14)

Py= Py - (P + P, )cosd (58)

i i schr

If the forces are expressed by the stresses, this results in

Rp + B
02Tk =l - %”ﬁ ws8) rr_,h,., (59
i1 -1
If we substitute
P _+ P
8 Schr -
——L——_ZW,., s 0sé = 0, (60)
we obtain
r.oh;. . Fah.
=l iy - it g 61)

/R
ionh i kg

To enable a calculation to be made merely from the geometry of
the shell and from the indication of the bolt weight GSchr’
a suitable description will now be found for q;o . This re-
quires however that a few relations are established from the

geometric conditions of the zone of bore.

The variable spoke section will be replaced by an equivalent
rectangular section. The thickness of spoke is then

)
hep =2 (hy + by )

The mean section of spoke Fsp can be determined only through
determination of the volume of the spokes between the bores.
According to Figure 14, the volume of the zone of bore (in-

cluding the bores) is

V, s izfir p  Jithig or
R "ws6 ' 2

V, -("I -r,.‘,)-&-rr
" cos 8
The volume of n bores is

- 2
R

ASD-TDR 621013 18



The volume of the spokes between the bores is
V - VR -

the mean section of spoke is
# V-cosd

S G o=l

Fep [’7""71

/T f
4 wsé ]h"”

Since %a.Tg;L = Al , and using the abbreviation

t=[ri+r;_,-_4’lA1] , E'p=th,p'7r (62)

The spoke force Psp and the centrifugal force of the bolts

P schr are expressed as follows

. 4 ¢ W2 Sith
Pep ths,,Tr——-1-<S 3 —‘——l—La

2
W
PSc = G\‘d’f ;—. —LZ—I_L

Schr
Fw? ( +r_Jthyal + )6055
496.,-h (63)
We now want to formulate, by anticipa tion, a suitable coefficient
for the establishment of a matrix yet to be dealt with
hspAl + Zschr

c= 71,9—,— (1+—‘-—)cosé' (64)

If Psp and P, are introduced in (60) the result is

0;,,:

The tangential stresses may be brought into relation with the
displacements. If a mean stress in the spoke is taken to be
0;,-_' hiah,, +0.ch;

i ™ 2thy - (65)

this will produce in the spoke a displacement of

{ -L;.
Usp = _LLE Ooomi = A?la;m (66)

The displacement at point i results in

Uy = Upey + U (67)
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At points i and i-1, the displa-ements are

{.
oy L 101, ) b B

(68)

l;
u, = 'Z-L(a'w -WJ",) - Loy

If (66) and (68) are introduced in (67), eliminating o;i through
the use of (61), the tangential stress Op; will be obtained, which
is dependent only on the stresses a"i_ ; and o'w_’ , 1. e. on
values existing immediately before the zone of bore. The appro-

priately summarized result is

| 1y P al
o, =i-_1.a;’i.1+ 2[1,( — 1)+ g_t.._'__';_t]_
, Py h. Al al )
(v+ h-p 7;-5‘1(“95- 8., 69)

For the present purpose, the modulus of elasticity and also the
linear coefficient of thermal expansion have been taken as con-
stant over the length of spoke (11 - 11_1) = Al.

The relation between the moments is obtained if the equilibrium of
moments around a tangent to a parallel circle is established at
point i. Moments are produced by 0;'"', G;I‘_" and by the shear
stress T, , . The equilibrium of moments is formulated with

M- N,,_'+Mt -0

2 2
b 2Mih_ o6 2M0gMi | alh2m5, - 0

W 6 (TR 6
b d; nr r_h
- 12 g _ ..
0;,' G-y r;.h’_z 61.‘,_' r,-hak al (70)

The relation between the tangential bending stresses immediately

before and behind the zone of the bore is found by comparing the
slopes at the beginning and end of the spoke (see Pigure 15).

Y=V, +oy (71)

A'tp is the change of slope within the spoke. In order to arrive
at the change of slope in the spoke, a2 mean moment of the magnitude
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M1+M

i-1
Msp = 2
1 h? b hAz
Map = 2—(01?72”3‘ +a"i-l,;'72"-3"i) (72)

according to Pigure (15), 1s considered constant above the length
of spoke A l.

The equation of the deflection curve, where h in this case ia=-
dicstes the deflection, reads

v
a4 12
or dh 9
ar =t [M,P(l)dl+ ¢, = tundy (73)

Since Msp is independent of , 1 the solution of (73) leads to

d
d_lh 'EJ,M l+c,

dh

with 1=0, - 0, and also ¢, = 0. As only smali slopes occur,

1
we may write

Ay ~tanay

The change of slope in thg case of the spoke is

21r—h‘- 2 ) al
Rt s A =l (2%)

The length of the axis of 1nert31a is /T, and, consequently,

the moment of inertia J = ¢ ?f , which leads to
(0’ h2 r h,al,')ZA[

A __14 Il:
The deflection of the disc at the points i-1 or 1 is obtained
from (see also equation 16))
Zr »
'ﬁ -1= Eh ( - yal’i-i) (?6)

1l" (‘7r -voy)

The equations (75) and (76) are introduced in (71) to obtain
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the new formulation for the deflection

r ar b 2al 2 2
E_h(a;:_ l"a‘-i", = Tf:d;(aw-y - Val'ﬁt) * EFRT (g hi-idl,':- r;,h.a;.") (77)
i ap

4

If, finally, a",b is replaced by formulation (70) and (77) solved

!

for o;,b , the result is an equation having on the right side only
terms with the index i-1

b r h b alh h h® h F. o
= ol f-1 - i<l _ i o1 -
%i f;hl U"i-l + [275‘:*_1' + V( hi h’., )J r, 7[,'.1
r h ark®
-6.L-L-’_Lrt.h, =L Al (-—-,J-t R +v)T,, (78)

The still lacking equation required to determine the five wanted
stresses at the end of the zone of'the bore is very easily obtained

from the equilibrium of sectional forces which act normal to the

spoke ends
Tohiafg = Thy,
r h._ r.
i™ Yo h',; (79)

Where bores are arranged in an annular way, the linear equations
(61), (69), (70), (78) and (79) replace the corresponding
differential equations as these were established, for instance,

for the case of the smooth shell.
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2. Application of the Matrix Calculus for the Determination of Stresses,
the Differential-Equations having been Rewritten into Equations of
Differences

a) Compilation of the Differential-Equations

The differential equations will first be compiled in a general form,
taking into account the presence of fins, rings and additional loads.
As has been mentioned before, the coefficients of the general equa-
tions are sums of coefficients of the special differential equations
from the smooth shell and of the additional coefficients resulting

from the consideration of fins, rings and additional loads.

If divided by d¢ - dl, five differential equations of the following
form will result if

1.) the equations (1), (20), (34) and (53) are collated

“:;T[’(h*hl)qj + vlojcosé - u.adTrh'a', - (h+L)gy,cosd +

+(h+h+L)rrgl—5 + (heh%l) "'wer ao56+-arh o, =0 (80)

2.) Differential equation (18 a) alone, except that in the case of
the fin in the coefficients appearing at Cﬂb the term h is re-
placed by the term(h + 2 &), and in the case of overlapping rings
in the coefficients appearing at of'the term (h+L) must be intro-
duced, which will lead to the generally valid form.

V@L+1*Va—c055 doy _ 7;"avcos6 2 2~ sndol+

dl r dl h +2s
2 e b 2014w o . IS
\Tva sin-0, + = siné-T - E 7 0 (81)

3.) Compilation of the differential equations (5) (31), (51) and (57)

-3v(h+l) Leoséo; + [3(h+l)L- 6hs]oos5d,+6v (f'hSUy)+

d 2 sind _
+6 Zlrwef) + vh*ws8 gt~ h(1+£)s8oy’ + 6 72 (ReAHL)T
~3(h+L)L J'(,.)zrzcosb - 6(k-s) —l-,li-a' =0 (82)
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In (82), the factor (k-s) before the last term takes into account
the distance of the active additional load from the axis of in-
ertia of the finned cross section, while in (57) only the action
of additional loads upon smooth shells was described.

4.) Generally valid differential equation according to (18 b)

_i 1 b 1 +vcosd b_i; 5_"#6056 b
v (h+2s % )+(h 2s)r X d/(h,Lai) el O 0 (8%

5.) Compilation of the differential equations (2), (21), (35) and (55)
in the generally valid form

vLsind 0~ (hetidre; B - (hel) snS gy viray & +
+4 [rth+hiseL)T ]+ pr+ twisi) L atrtsins+ i, - 0 (84)
dl g a =

It should be pointed out once more that the differential equations

(80) through (84) have been formulated in such a manner as to assume
the special, previously derived forms for smooth shells, fins, over-
lapping rings and additional loads if the geometric values which do

not exist for a given case are assumed to equal zero.

b) Transformation of the Differential-Equations into Equations of

Differences

The five linear differential equations describing the problem of the
rotating shell may be converted into linear equations with small but
finite differences if the functions contained in them are replaced by
the arithmetic mean of their initial and terminal values of a
sufficiently small section and if each differential is expressed by
the difference of the two values of which it is formed. A function
should be expressed as follows

P+ Py (85)

2

F=

If 1 for instance is to express the independent variable, a dif-
ferential is replaced byla quotient of differences of the form

E - E—q
di 'ﬁlf‘l,. i (56)

24



The differential equation (80) expressed in the form of differences
will assume the following shape

1 ' g 4

-A-l[ri(hiq-h,.)q"_-r_ th._+h o ]+-(L,.casa, q + L, coss )-

114,,
1

- ”J[Chla = Gah.9 ] 2[”7 +L)esb g, +(h +L,,) cosb,.,%_,]*‘

S~ .
* 2al ~1 [(hi"’hl-"ti),;rl+(hl-1+hi'1+Ll-l),;"1 i-lj +

+—r-w2 [(h,+h,'+l.l.+

29 2% _)as§r? +(h +h L )ws r5] =0 (87)

myalr,

The last term of the equation {87) is obtained by substitution

onw

% z 2grrh,

and by combining the corresponding coefficients in the term of the
equation which is produced by the centrifugal force, 1. e. attached
with w’r’:q‘!- . G. describes an additional load which has the
distance of the center of mass r8 from the rotational axis. In

a like manner as with equation (80), also equations (81) through
(B4) are converted into equations of differences, which however
will not be demonstrated in detail here. If equation (87) is ex-
pressed with general coefficients and if the terms attached with

1 and are put on different sides, the following equation is

i-1
obtained:

boo 0, * Doy 0y, * b a;i+b,, ,+b T, + b ;_fwzz+b“£a19, =

d
= 0,, O‘il ’+ 091 0;, '-faoa 0-‘1 ' + 00, 0", -1 + a“r +0,,-§-w r +ag. ,’ (88)

In equation (88), the coefficients

Bra = Bpy= Dog = Tog=0py=dp= 0 .
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e) Application of the Matrix Calculus for Solving the Equations of
Differences

The application of the method of differences with a view to determining
the five wanted magnitudes is based on the technique of subdividing the
shell into the smallest possible sections. If the terms of stress at
the inner edge are known, those of the outer edge may be determined
from the five given equations. While the calculation of the state of
stress by means of transmission matrices appears to be rather tedious,
the advantage offered by this msthod becomes obvious if it is con-
sidered that this method permits easy determination of store data in
programmatic calculation where the time of calculation required by

the high-speed computer is of minor importance. All geometric data can
be immediately taken from the drawing, which together with the known
boundary stresses, material constants etc. determine the number of
storage data. If a stress vector of the form

[ 9 ]
%
%

o

7))
[ ]
R 3"

(89

T
m?r"-él
F—ad
1s defined and all equations (81) t.hrough. (84) are expressed in the
form of differences, the set of equations will, in matrix form,
assume the following form

BS, = AS, , (90)
It should still be mentioned that another two equations have been
added to the five differential equations, viz.:
r .2
Lute? < Lot (1) (91)
9 9 TN
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(Ead)_

Ead - Ei-1 @, -1'05 -1

Equation (90) may be converted into

s, =B -AS, (92)
thus establishing the relation between the outer and inner edge of
the section. If there is the case of a shell with center bore, the
streas terms 0" » U“ and T at the inner and outer edge of the whole
shell are usually known. An equation is therefore used which connects
the stress vector So at the inner edge with the stress vector S. at
the outer edge.

At an arbitrary point i of the shell, there is a relation with
-1
B A =D

iyl =1

S =D - D, 1D, ;*S,=M,'S, (93)

i ,,1-1'Di~1,1-2 vt 2,171,070

Outer edge and inner edge of the shell, with n sections, are connect-
ed by

Saa Dn,n.t °Dn-1,n-2' .« 'Di,i-l e e . 02,1.0,,0.50 - Ma'so (91,)
All matrices Di,1-1 may be easily determined, so that suitable
defining equations may be selected from (93) to determine a;, and
o',‘ at the inner edge. The inner edge vector S, now being known, the
vectors S, can then be determined with the aid of (93) and (92). If
there is no center bore, the defining equations

[ b
azo—a;o-o and q -0,0-0

0
will now offer themselves, since the stresses existing at the center

of shell have no discrete direction and must therefore be equal. The
latter coursea of calculation clearly reveal the impossibility of
calculating shells by means of table computers, as the establishment
of coefficients for each section (the accuracy of the method being
dependent upon the number of sections) would represent an unjustifiable
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extent of calculation, so that matrix multiplication and matrix in-
version of the form B™' - A are only prastical by means of elec-
tronic computers. For the sake of completeness, term (90) will be
represented in details

B 5 A S,
(b, 2,0 0 b b 0][ ¢ | (2,8,0 0 a,a,0][ ¢ ]
by by by by By O B O 8o 8y By Ay 3, A 8| O
B0 By Dyp Dps By Bps O o;b 810 By Byp By, Bgy 2y 0 o’
0 0b,p 000 g’| = [0o0 aa,a00] | (95
BoBy 0 0 B BgO || T 82,0 0 a, 8,0 t
00000 1 o0|ldri 0000 0 8,0 ||wr¥
_0000001.;0.19"1 Loooooo.“__5a6_11

In the case of a zone of bore which is free from tangential stress,
(95) 1is replaced by a corresponding matrix equation which is formed
of equations (61), (69), (70), (78) and (79). Here matrix B has
covered only the mean diagonal with the coefficients 1. In matrix A
the coefficients are arranged in the same manner as for instance
in (95). A representation of the various coefficients may be dis-
pensed with; &s is shown in example (87), these may however be
easily determined.
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II. Desoriptiop and Oraphic Representation of Results from the Theoretical

8 De tion
1. Results with Ispeller-wWheels whose Geometrical Shapes were Chosen
Systemstically

The diversified designs of impeller wheels cannot be easily classi-
fied systematiocally. A possibility of determining the influence of
different wheel designs upon their strength would be to compile a
catalog of the course of stresses in manufactured wheels, arranging
them by certain design characteristics etc. The investigations con-
ducted by the "Institut flr Turbomaschinen” at the Aachen Technical
University on strength problems of impeller wheels are aimed at intro-
ducing a certain systemisation in the wheel profile whereby the de-
pendence of the stress terms on a single design parameter is investi-~
gated. Where the parameter passes different values, one possible
wheel design will be maintained. In the initial equations for the
calculations concerning rotating shells, the geometry of the shell
yields definable magnitudes which may be 1nd1v1dua.11‘y varied, while
all the others are kept constant, in order to determine in this way
the influence upon the strength. The most interesting variation is

to be found here in the different slopes of the shell to a plane
located vertical to the axis of rotation, which so far had been under-
stood to be the angle of slope of a meridional section of the medial
area of the shell.

However, in general the slope § 1s not constant over the extent 1 of
the meridional section. To describe the meridional curve, a function
of the form

y = k[1-cos(1,33307)+ 72]
was selected, the y-axis being the rotational axis. The abscissa T
represents a relative length

-X
f L-al
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In this term, x is the independent variable and L =3A/l 3 the length
of line of the meridional curve which is to be kept constant. Figure
16 shows the selected function with different parameters k., Also
plotted were curves of equal length of line with a constant distance
Al. The selected function has the property of a descent to gzero
(5,;: 0) at £ =0 for all values of k, while over the extent 1 for
;‘->O the ascent rises with k at points of constant length of line.
In Pigure 17, the wheel design for k = 0,0625 has been plotted as a
full line, and for k = 0,375 as a dashed 1ine, both wheel designs
having the seme thickness h of shell and equal dimensions for the
blades at the points 1 = constant, so that in the store data of the
programmatic calculation merely the slope of shell CS at the

1;4-1
nctionsAl‘-wns introduced differently for each varying k.

The following Figures 18, 19, 20 and 21 show the five calcuiated
specified stresses of the systematically varied contours, The stif-
fening of the profile by means of blading has a noticeable offect
along the longitudinal bending stress Ol"tnd, although in a less marked
degree, upon the tangentialbsnding stresses 0;,‘. The longitudinal
bending stresses show a considerable drop in the places where the

blades begin,
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Figure 22 shows the stresses in a model d esigned for initial e xperi.
mental investigations, wherein the rear of the impeller wheel was
kept plane (hatched distribution of stresses), and, on the other hand,
has the contour illustrated in the drawing (strong, unbroken line for
the stress distribution). As another comparison, Figure 22 shows the
wesker unbroken line of the tangential and radial stresses in the
‘wheel body which was also machined on the rear, if- as vas said al-
ready in the beginning of the report- the impeller wheel is assumed

to be a symmetric disc and if the blades are taken into account with
regard to the increase of thickness of the shell profile proper or to
their specific gravity. The increase of thickness h' is represented
by a hatched line in Figure 22, The strongly projecting shell portion
near the hub of the impeller wheel front side was taken in the cal-
culation as a ring gzone being free from radial stresses,

The design of the wheel body of the built model was furthermore intended
to emable the influence of different blade mumbers to be studied,
which is shown in Figure 23,

The influence exercised by Poisson's ratio is of minor importance,

The caloulation of the dimensionless stresses O 1(P5 - )

was carried out with different Poisson's ratios / = 0,3 and 2 = 0,36,
The maximum diviation was determined as 5,6 percent for the stresses 0,".
Figure 24 shows the change in the stresses for three different tem-
perature patterns illustrated in Figure 25, the entry of shearing
stresses having however been dispensed with for the sske of diagram-

matic clarity,
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3. Superposition of Stresses

It should be pointed out once more that the calculated bending stresses
apply to the rear end of the impeller wheels. On the front side of the
wheels - if the shell is unbladed -, they possess the same absolute
value of reversed sign. If there are blades and if s represents the
distance of the central line from the medial area of the wheel, the
longitudinal bending stresses O;° on the front edge of the blade are
calculated on the following equation (see Pigure 26):

' + 5=

o= ——g——h" g o’ (96)
+S

The bending stresses are additively superposed on the normal stresses,
80 that subject to the sign of the bending stresses on the rear of the
vheel body considerable boundary stresses may occur in the front
edges of blade, as g¢stablished by the theoretical caloulation, In Fig, 26,
the superposition of ozb and 02 is illustrated once for negative bend-
ing stresses occurring on the rear of the shell (shown by the
hatched line) and, on the other hand, for positive bending stresses
(shown by the unbroken line).



III. Mesgurement of Stresses with the Rotating Modsl

1. Desoription of Nede) Design and Meterisl

The measwring of stresses on the rotating model must be largely ocon-
fined to measuring the stresses oocurring on the surface of the
wheel body as it is only here that a state of plane stresses exists.
The wheel design selected for the first measurement is illustrated
in its main dimensions in Figure 27. The shell body proper was made
of plexiglas in the model which was built first. In radial slots
milled out of the smooth shell, four blades of uniform thickness
a= 1 om and made of VP 1527 material were cemented. Later on an-
other model of like dimensions was built whose wheel body was made
of VP 1527. Two pairs of opposite blades, which were cemented Jjust
on the surface of the shell front side, were made of VP 1527 and of
Araldit-B, respectively.

The low number of four blades was selected in order to enable these

to be stroboscopically tested vertical to the axis of rotation. As for-
merly only rotary speedof up to n = 6000 RPM could be reached, one
pair of blades in the second model was made of Araldit-B which has

a superior photoelastic action. The excessive blade thickness a,

which does not meet actual conditions in impeller wheels, is largely
compensated by the low number of four blades, so that with equal blade
volume but normal blade thicknesses a roughly equivalent blade number

% = 1518 would result.
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2. Scheme of the Test Arrangement

The complete testing equipment is illustrated in Figure 29. While
Figure 30 sketches the path of light for the stroboscopic penetra~
tion of blade by means of flash lamp F, mirrors 31 and 82, polarizer
P, model M, analyzer A and camera K, Figure 31 1llustrates the measur-
ing scheme for measurements with strain gages where R1 designates the
active strain gage, R2 the compensator, A the rotational transmitter,
B the carrier frequency measuring bridge and C the switch for different
strain gages mounted on the model. The strain gages were first mounted
only in symmetrical places of the impslléer wheel as the direction of
principal stresses is known only in these places. The strain measure-
ments were carried out in corresponding places both in a radial and
tangential direction. The principal stresses result with the known
strains £ and Sz in

o = o (Erve) 97)

7, = T (,+vE)
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3. ZJest Frocedure and Frelimipary Results

Measurement of the stresses and strains were conducted in such a
manner thet the photoelastic behavior of the blades and the strains
occurring in certain places of the wheel body could be simultaneocus-
ly observed with the aid of the strain gages., Figure 32 shows the
fringe picture of a transilluminated blade made of the photoelastically
active Araldit-B material at a rotational speed of n= 6000 RPM,

An exact quentitative analysis of stresses in the blades is impracti-
cal due to the low fringe order at the speeds sof ar attained.

With the aid of a sujitable carrier frequency measuring lxridge, the
strains may be read off as a function of the speed. In view of the
very high linear heat extension of the synthetic resins that were
used in constructing the models, the temperature compensation was

found to be fairly difficult as temperature differences of very few
degrees occurring between the places where the strain gages were mount-
ed and in the places where the compensation gages are located will be
sufficient to produce impermissible deviaticns in the measurements,

The compensation gages were cemented on in places where there are no

stresses, although theywere exposed during the test to the temperature

variaticns of the ventilated air., On the rotating model, the front edge
of blade at the outer radius r, offers itself as a stress-free portion
of the impeller wheel. Further tests aimed at compensation were at-
tempted in such a manner that unloaded plastic rods tocarry the com-
pensation gages were statically attached to the periphery of the ro-
tating wheel, and were thus also exposed to the ventilated air flow
from the impeller wheel, Figure 33 shows the measured stresses in

the symmetric section betweentwo blades on the front side of shell,
In view of the considerably local variation of stresses anticipated,
strain gages of metal foil with as small a measuring surface as
possible were employed,
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4. Remarks on the Continuation of the Test Program

In continuation of these tests, the models of the coming experiments
will be coated with brittle lacquer in order to localize the severest
stresses in these places where the grids of cracks reveal the greatest
density of lines. In addition to that, the crack lines extending at
right angles to the direction of the major principal stress are ex-
pected to furnish information on the direction of the principal
stresdes, 30 that the strain gages may be applied to any desired
place of the model in a corresponding direction. Strain gages which
are arranged in a rosette fashion and permit the stress conditions
to be completely covered without any knowledge of the direction of
principal stresses being required, possess too large a measuring sur-
face where the stresses may be subject to severe changes.

For mecessary higher speeds, a direct current shunt motor
of greater power will be installed which will be controlled in its

speeds by Ward-Leonard operation. The required speeds of up to
n = 25,000 RPM will be obtained by a gear. Speed measure.-
ment will be made with utmost accuracy through direct digital
registration,
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Pig. 3>

Forces and moments acting on the shell element.
The sectional areas are formed on the one hand
by surface lines and on the other hand by
parallel circles, and are positioned perpendi-
cular to the medial area of shell.
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Shear deformation on the shell element for T # const and T= const

Pig. 7
Relation between radial stress and
longitudinal stress
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Fig. 8
Comments on the relation between
slope and bending stress

/thdy +d(qhrdp)
T(h «hlrdp +d[T(h+hirdy]
(g, -va,)hrdy + dl(g; -voytirdy]

Fig. 9
Designations and forces on the finned shell element
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FPig. 10
Comments on the geometric relations for the mean
length of fin 1'

Fig. 11
Illustration of the geometric dimensions and
terms of a shell with fin
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Pig. 12
Equilibrium of forces in shell and ring as well as relation between bend-
ing stresses in the shell and ring being free of longitudinal stress

Pig. 13
Moments on the shell element with ring zone
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18, representation of the tangential bending
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Fig. 27
Representation of the first model wheel with the
principal main dimensions

Pig. 28
Illustration of the first built model wheel with
four blades
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Pig. 20 a
General view of the teat stand with model and measuring equipment

1) stroboscope, apparatus for current supply and control unit
2) flash lamp

3) reflector between lamp and model

A4) polarizer

5) model

) analyzer

) reflector between model and camera

) camera

) rotational transmitter

) carrier frequency bridge for strain gage measurement
) digital speed counter

- O\O 0O~ O

- -
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Fig. 20 b
View of the mounted model disc in the test bed
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Fig. %0

Representation of the way of light in a stroboscopic

transillumination of the blades

F flash lamp M  model
S1 mirror A analyzer
82 mirror K camera
P~ polarizer
c 8

W
+\ A
R,

Fig. )

Measuring scheme for strain gage measuring

R, active strain gage B
R, compensator
A" rotational transmitter c
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Fig. 32
Fringe pattern photos of blades of the model wheel
at a speed of n = 6000 rpm
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Fig. 33
Stresses determined in the symmetric section
between two blades by means of strain gages
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